The production of fuels from biomass is categorized as first-, second-, or thirdgeneration depending upon the source of raw materials, either food crops, lignocellulosic material, or algal biomass, respectively. Thus far, the emphasis has been on using food crops creating several environmental problems. To overcome these problems, there is a shift toward bioenergy production from non-food sources. Algae, which store high amounts of carbohydrates, are a potential producer of raw materials for sustainable production of bioethanol. Algae store their carbohydrates in the form of food storage sugars and structural material. In general, algal food storage polysaccharides are composed of glucose subunits; however, they vary in the glycosidic bond that links the glucose molecules. In starch-type polysaccharides (starch, floridean starch, and glycogen), the glucose subunits are linked together by α-(1→4) and α-(1→6) glycosidic bonds. Laminarin-type polysaccharides (laminarin, chrysolaminarin, and paramylon) are made of glucose subunits that are linked together by β-(1→3) and β-(1→6) glycosidic bonds. In contrast to food storage polysaccharides, structural polysaccharides vary in composition and glycosidic bond. The industrial production of bioethanol from algae requires efficient hydrolysis and fermentation of different algal sugars. However, the hydrolysis of algal polysaccharides employs more enzymatic mixes in comparison to terrestrial plants. Similarly, algal fermentable sugars display more diversity than plants, and therefore more metabolic pathways are required to produce ethanol from these sugars. In general, the fermentation of glucose, galactose, and glucose isomers is carried out by wild-type strains of Saccharomyces cerevisiae and Zymomonas mobilis. In these strains, glucose enters glycolysis, where is it converted to pyruvate through either Embden-Meyerhof-Parnas pathway or Entner-Doudoroff pathway. Other monosaccharides must be converted to fermentable sugars before entering glycolysis. In contrast, microbial wild-type strains are not capable of producing ethanol from alginate, and therefore the production of bioethanol from alginate was achieved by using genetically engineered microbial strains, which can simultaneously hydrolyze and ferment alginate to ethanol. In this review, we emphasize the enzymatic hydrolysis processes of different algal polysaccharides. Additionally, we highlight the major metabolic pathways that are employed to ferment different algal monosaccharides to ethanol.
iNTRODUCTiON During the last decade, growing concerns over depleting fossil oil reserves and increasing greenhouse gas emissions have led to the use of food crops as biomass for making what is called firstgeneration biofuel. Nevertheless, expansion in biofuel production from food crops has drawn attention to several environmental impacts, such as the conversion of agricultural land from producing food crops to producing biofuel crops and the deforestation of hundreds of thousands of acres (Groom et al., 2008; Searchinger et al., 2008; Naik et al., 2010) .
To overcome these environmental problems, there is a shift toward the production of biofuel from non-food biomass sources, such as lignocellulosic and algal biomass sources, which are also known as the second-and third-generation biofuel crops, respectively (Badger, 2002; Zheng et al., 2009; Brennan and Owende, 2010) . However, commercial production of second-generation biofuels is only limited to countries with large agricultural and forestry lands. Therefore, algal biomass is an emerging alternative for the production of biofuels.
The production of biofuel from algae has several advantages over the first-and second-generation of biomass sources [discussed by ]. First, algae serve as non-food feedstock, which does not compromise our food security. Second, algae grow in aquatic habitats and thereby do not compete with food crops on agricultural land, or cause deforestation. Third, algal biomass can be used to produce two types of biofuel (bioethanol and biodiesel) since they accumulate high amounts of carbohydrates and lipids. Finally, the fresh water requirement for algal growth is significantly lower than plant demands to produce the same volume of biofuel. Nevertheless, there are several constraints that restrict the production of biofuel from algae [discussed by Hannon et al. (2010) , Singh et al. (2011) , and Behera et al. (2015) ].
The hydrolysis of algal carbohydrates to basic sugars is primarily carried out using chemical and enzymatic methods. Although the chemical method yields high concentrations of fermentable sugars in a short time, this method requires harsh reaction conditions producing byproducts, which might inhibit the fermentation process and require costly disposal processes. In contrast, enzymatic hydrolysis produces high amounts of fermentable sugars under mild conditions without producing inhibitory byproducts (Chen et al., 2013) .
Algae produce a wide spectrum of polysaccharides that are specific to an algal group, family, or species. The enzymatic hydrolysis of algal polysaccharides requires a wider range of enzymatic mixtures, compared to plants. This review focuses on the enzymatic hydrolysis steps of the major algal carbohydrates and their fermentation process to ethanol. Since the scope of this topic is broad, only the fundamental concepts of the field are addressed in this review. Nevertheless, we will refer the reader to other reviews that are complementary to this topic.
THiRD-GeNeRATiON BiOFUeLS FROM ALGAL BiOMASS
Algae are photosynthetic eukaryotes that are distinguishable from cyanobacteria, which are photosynthetic prokaryotes (Brodie and Lewis, 2007) . Because of their importance for biofuel production, this review will cover cyanobacteria as well.
Algae vary dramatically in size and morphology from microscopic unicellular phytoplanktons to 50-m long seaweeds. Based on their morphology and size, algae are classified into microalgae and macroalgae. Currently, microalgae are the major source for third-generation biofuels. In contrast, only small amount of cyanobacterial biomass are utilized for bioethanol production. Additionally, development of methods that overcome obstacles in using macroalgae would greatly improve harvesting bioethanol from natural, renewable biomaterials. The advantages and disadvantages of relevant algal sources are summarized in Table 1 .
Microalgae Are the Current Source for Third-generation Biofuels
Microalgae are microscopic in size (measured in micrometers) and exist as single cells; or unspecialized multicellular filaments and colonies (Satyanarayana et al., 2011) . They are highly diverse including 40,000 species that belong to nearly all major algal groups with the exception of brown algae [reviewed by Metting (1996) , Dahiya (2015) , and Kim (2015) ].
Microalgae exhibit several features that favor using them for industrial production of biofuel. First, they lack specialized tissues and structures, which simplify the cultivation and harvesting processes. In addition, microalgae exhibit high rates of asexual growth and yield huge amount of biomass from low inoculum (Packer, 2009; Chen et al., 2010) . Furthermore, microalgae accumulate large amounts of polysaccharides and triacylglycerolsstorage lipids and energy sources, and thereby they are suitable for simultaneous production of bioethanol and biodiesel (Mata et al., 2010; Singh et al., 2011; Suutari et al., 2015) .
The commercial production of microalgal biomass is obtained from cultivating the freshwater algae Chlorella and Haematococcus, and marine algae, such as Dunaliella, Phaeodactylum, and Tetraselmis (Lee, 1997; Wikfors and Ohno, 2001; Carlsson et al., 2007; Benemann, 2013; Borowitzka, 2013) . Additionally, other microalgae have been shown to be a potential source for third-generation biofuels due to their high oil and carbohydrates contents .
One of the challenges for commercial cultivation of microalgae is the economic feasibility. In their marine natural habitats, the productivity of microalgae is very low, not exceeding 10% of that for macroalgae under the same conditions. Such low yield of microalgal biomass is not sufficient for the industrial production of bioethanol. To improve the yield, microalgae should be cultivated in artificial systems (Lüning and Pang, 2003) . The most common two methods for the cultivation of microalgae are the outdoor open pond system and the closed photobioreactor [for reviews, refer to Brennan and Owende (2010) and Benemann (2013) ]. The photobioreactor system, which produces high biomass under controlled growth conditions, requires high capital and operating costs (Pruvost et al., 2016) . In contrast, cultivation of microalgae in open ponds involves lower capital and operating costs but offers low productivity. Additionally, microalgal cultures growing in open ponds are exposed to contaminants and affected by seasonal variations (Chisti, 2016) . In both systems, microalgal density must be controlled to maintain a viable culture (Wang et al., 2009 ). Other challenges associated with biofuel from Advantages:
(1) Easy to cultivate and harvest.
(2) High growth rates in artificial growth systems. (3) Suitable for simultaneous production of bioethanol and biodiesel.
Disadvantages:
(1) Several microalgae that are employed for biofuel production require freshwater for growth.
(2) Low productivity levels in their marine natural habitats, therefore microalgae should be cultivated in artificial systems, which involve capital and operating costs. (3) Microalgae that are cultivated in open ponds are normally cultured outdoors, and thus biomass production is heavily affected by contamination with epiphytes, microbial infections, and seasonal variations.
Cyanobacteria
(1) Prokaryote (2) Microscopic
(1) A minor source for third-generation biofuels. (2) A major source for several nutritional and pharmaceutical products.
Advantages:
(2) The simple nutrient requirements of cyanobacteria make its cultivation and harvesting simple and inexpensive. (3) Higher photosynthetic levels and growth rates than algae and plants (only if light is provided in saturating amounts).
(1) Cyanobacteria are not suitable for biodiesel production.
(2) Accumulate significantly lower amounts of carbohydrates (% of dry weight) than microalgae.
(3) Saturating amounts of light must be provided to reach highest photosynthesis rates from cyanobacteria.
Macroalgae
(1) Eukaryote (2) Macroscopic
(1) A major source for several nutritional and pharmaceutical products.
(1) Macroalgae produce more biomass in their marine natural habitats and therefore do not require cultivation in costly artificial systems. (2) Does not require freshwater for cultivation. (3) Significantly higher annual biomass production for non-biofuel industrial purposes. This carbohydrate-rich biomass can be employed for biofuel production purposes as well.
(1) Macroalgae are not suitable for the production of biodiesel.
(2) The production is heavily affected by contaminants and seasonal variations. (3) To achieve the commercial levels of bioethanol from macroalgae, glucose-, and nonglucose-based sugars must be fermented. microalgae have been discussed in detail elsewhere (Hannon et al., 2010; Benemann, 2013; Scaife et al., 2015) .
Macroalgae Are an Unexploited Potential Source for Bioethanol
Macroalgae refer to the macroscopic seaweeds. They are characterized by forming multicellular specialized tissues and defined structures that are comparable to plant leaves and roots (John and Anisha, 2012; Murphy et al., 2013) . Macroalgae are less versatile than microalgae and are distributed primarily over green, red, and brown algae (Jung et al., 2013) . In comparison to terrestrial plants, macroalgae grow faster and produce more biomass per area due to their high photosynthetic efficiency (Murphy et al., 2013; Yanagisawa et al., 2013) . Although commercial third-generation biofuels are derived from microalgal biomass, seaweeds (specifically red and brown macroalgae) serve as an unexploited potential source for bioethanol production due to two facts. First, macroalgae combine high biomass productivity with low capital and operating costs owing to the fact that macroalgae are harvested from naturally occurring stocks or aquacultured sea farms. Such cultivation systems require capital and operating costs that are significantly lower than the microalgal open ponds, nevertheless they provide high biomass productivity (Carlsson et al., 2007; Bruton et al., 2009; Jung et al., 2013; Yanagisawa et al., 2013; Rajkumar et al., 2014) . Second, macroalgae are cultivated worldwide on a large scale for non-biofuel purposes. The remainder of the biomass, which is rich in carbohydrates, can be hydrolyzed to produce ethanol. In fact, the worldwide biomass production from macroalgae greatly surpasses that of microalgae. For example, in 2010, approximately 9 million and 6.75 million wet metric tons (WMT) were harvested from red and brown macroalgae, respectively (Jung et al., 2013) . In comparison, a total of only 6.2 thousand dry metric tons (DMT) were produced by major microalgal species, such as Chlorella sp., Dunaliella salina, and Haematococcus pluvialis, in the same year [refer to Table 2 in Jung et al. (2013) ]. Additionally, 93% of the worldwide cultivated macroalgal biomass is produced from only four genera that belong to the brown algae (Laminaria 65.8% and Undaria 9.8%) and red algae (Porphyra 12.6% and Gracilaria 4.8%) (Zemke-White and Bioethanol from Algae Ohno, 1999). The potential application of macroalgae for biofuel production has been reviewed by others (Murphy et al., 2013) . The production of biofuels from macroalgae has several environmental advantages [discussed by Hughes et al. (2012) ] and is challenged by several obstacles, which will be discussed here. First, in contrast to microalgal feedstocks, which are used for simultaneous production of bioethanol and biodiesel, macroalgae accumulate considerable amounts of carbohydrates, and thus can be used to produce bioethanol only [see Table 1 in Singh et al. (2011) ; Tables 1 and 2 in Suutari et al. (2015) ]. Second, macroalgae are normally cultured outdoors, and thus biomass production is heavily affected by contamination with epiphytes (Lüning and Pang, 2003) and microbial infections (Ramaiah, 2006) . Third, the macroalgal carbohydrates content varies depending on the alga growth stage and seasonal variations (Suutari et al., 2015) . Fourth, macroalgae accumulate lower amounts of glucan food reserves (i.e., glucose-based polysaccharides) in comparison to microalgae, while producing high amounts of non-glucose-based sugars, such as mannitol and cell wall polysaccharides. Therefore, the industrial production of bioethanol from macroalgae requires fermentation of both glucose-and non-glucose-based sugars (Yanagisawa et al., 2013) .
Cyanobacteria Serve as a Minor Source for Third-generation Bioethanol
Spirulina sp. is the most commonly grown cyanobacterium for commercial use. Its biomass is used primarily for human and animal consumption; however, only a small portion is directed toward biofuel production (Ciferri, 1983; Wikfors and Ohno, 2001; Habib et al., 2008; Benemann, 2013) . Additionally, several cyanobacterial strains of Synechococcus species have been genetically modified for enhanced commercial production of bioethanol [reviewed by Dexter et al. (2015) ].
The production of biofuel from cyanobacteria has several advantages [discussed by Quintana et al. (2011) and Sarsekeyeva et al. (2015) ]. Among these advantages is the fact that many cyanobacteria, e.g., Spirulina and Synechococcus, accumulate high amounts of glycogen, which can be easily extracted and fermented to ethanol (See Conversion of Glycogen to Glucose). However, there are several disadvantages of using cyanobacterial biomass for biofuel production. For example, in contrast to microalgae, which store high amounts of lipids and carbohydrates, cyanobacteria do not accumulate significant amounts of lipids, and therefore they are not suitable for biodiesel production (Quintana et al., 2011) . Other challenges that constrain bioethanol production from cyanobacteria have been discussed by other reports (Nozzi et al., 2013) .
THe MAJOR ALGAL POLYSACCHARiDeS
Similar to plants, photosynthesis in algae is divided into two steps: the light-dependent reactions and Calvin cycle. In the light-dependent reactions, light energy is absorbed at the thylakoid membranes in the chloroplasts, where it is converted into adenosine triphosphate (ATP) and the reduced form of nicotinamide-adenine dinucleotide phosphate (NADPH). The energy molecules NADPH and ATP are then employed by Calvin cycle to metabolize carbon dioxide and water into sugar [see Figure 1 in Moroney and Ynalvez (2001) ]. For reviews on algal photosynthesis, we recommend the reader to refer to Moroney and Ynalvez (2001) .
Algae produce a wide range of polysaccharides depending on the algal species ( Table 2) . This diverse collection of polysaccharides functions primarily as food reserves or structural material (Figure 1) . Here, we describe the most economically important algal sugars, which have received considerable amount of research interest. The advantages and disadvantages of employing these sugars for bioethanol production are highlighted in Table 3 . For more information about algal polysaccharides, we refer the reader to previously published reviews (Peat and Turvey, 1965; Percival, 1970 Percival, , 1979 Avigad and Dey, 1997; Grant Reid, 1997; Synytsya et al., 2015) .
Food reserves are easily fermented into ethanol and thus are the primary source for industrial third-generation bioethanol. In contrast, the hydrolysis of structural carbohydrates is challenging due to their rigidity. Therefore, optimization of the hydrolysis process of structural carbohydrates carries the promise of maximizing ethanol yield. In this section, we will first review the major algal food reserves. Additionally, we will discuss major algal structural polysaccharides because of their potential in enhancing the yield of bioethanol from algal feedstock.
Food Reserves
The majority of algae store their food reserves in the form of starch-type polysaccharides (such as starch, floridean starch, and glycogen) (Viola et al., 2001; Deschamps et al., 2008; Quintana et al., 2011) or laminarin-type polysaccharides (such as chrysolaminarin and laminarin) (Michel et al., 2010) . Additionally, brown algae accumulate large amounts of mannitol, which functions as an antioxidant and regulator of cell osmolarity (Davis et al., 2003; Iwamoto and Shiraiwa, 2005) .
Starch is a homopolysaccharide of glucose units that are linked by α-(1→4) glycosidic bonds to form a linear amylose; and via α-(1→6) bonds to form amylopectin ( Table 2) (Fengel and Gert, 1989; Busi et al., 2014) . In contrast to plants, which store starch granules in the amyloplast, most algae lack the amyloplast, and therefore store starch grains in the chloroplast (Busi et al., 2014) . Exceptions to this are the red algae, Dinophyta (Dinoflagellates), and Glaucophyta, which store their food reserves in the cytosol (Radakovits et al., 2010) . Several algal species have been reported to store relatively high concentrations of starch, reaching in some species to about 50% of the dry weight [see Table 1 in ].
Floridean starch is another main food reserve polysaccharide ( Table 2) . It is a starch derivative that is synthesized by red algae (Rhodophyta). Its granules differ from starch by lacking amylose and thereby are composed completely of amylopectin (Viola et al., 2001 ). The red alga Seirospora griffithsiana stores up to 80% of its cell volume as floridean starch. The granules are similar in structure to plant starch but more variable in size (diameter: 0.3-1.7 μm) and shape (Sheath et al., 1981) .
Laminarin and chrysolaminarin are the third major food reserves. They are linear polymers of β-(1→3) glucan repeating units with β-(1→6) branches in the ratio of 15:1 for laminarin Table 1 . DEHU, 4-deoxy-l-erythro-5-hexoseulose uronic acid. and 11:1 for chrysolaminarin ( Table 2 ) (Beattie et al., 1961; Michel et al., 2010) . Laminarin is synthesized by brown algae, and it forms either a G-chain -with glucose molecule at the reducing end -or an M-chain -with mannitol at the reducing end (Kadam et al., 2015; Motone et al., 2016) . Accumulation of high amounts of laminarin in algae has been reported in several seaweeds, comprising up to 32-35% of dry weight [refer to Table 1 in Kadam et al. (2015) ]. Chrysolaminarin is the food reserve polysaccharide in diatoms, and it is comprised only of glucose molecules (G-chains) at the reducing end (Beattie et al., 1961; Michel et al., 2010) . Glycogen is the food reserve form in cyanobacteria. Glycogen is made of glucose subunits that are linked together by α-(1→4) and α-(1→6) glycosidic bonds. Glycogen and amylopectin (one of starch granule constituents) are similar in structure; however, glycogen is more branched and forms smaller granules (diameter is 42 nm) in comparison to starch granules (diameter 100-100,000 nm) (Ball et al., 2011) .
In addition to the previously described major polysaccharide forms, other granule forms exist among algae but to a lesser degree. For instance, algae of the class Euglenophyta store their food reserves in the cytoplasm as paramylon. The granules of paramylon (or paramylum) are membrane bound and are composed of linear β-(1→3) glucan repeating units ( Table 2) . Its chemical structure is similar to that of laminarin but does not form β-(1→6) branches (Barsanti et al., 2011; Monfils et al., 2011) .
Mannitol is a sugar alcohol of the aldohexose d-mannose. In brown algae, it serves as a storage sugar, and an antioxidant, and protects against osmotic stress. It accumulates in the cell as a monosaccharide (i.e., free mannitol sugar) and as part of the laminarin polysaccharide -forming the laminarin M-chain, where mannitol is at the reducing end (see laminarin above) (Davis et al., 2003) . Mannitol is one of the major storage carbohydrates in brown algae, and some brown algae accumulate high amounts of mannitol reaching approximately 25% of Laminaria hyperborea, 30% of Laminaria japonica, and 33% of several Sargassum and Turbinaria dry weight (Ota et al., 2013) . Mannitol is produced in brown algae from fructose-6-phosphate, which is reduced to mannitol-1-phosphate via Mannitol-1-phosphate 5-dehydrogenase (EC1.1.1.17). In the second step, mannitol-1-phosphate is converted to d-mannitol by mannitol-1-phosphatase (EC3.1.3.22) [see Figure 1B (b) in Iwamoto and Shiraiwa (2005) ].
Structural Polysaccharides
Structural polysaccharides are another putative source to increase bioethanol yield from algae. Their main function is to confer rigidity to the algal cell wall. In contrast to plants, which usually have a lignocellulosic cell wall, the composition of algal cell wall 
Algal sugar
Advantages and disadvantages Starch Advantages:
(1) Abundant polysaccharide that is synthesized by green algae and several plants.
(2) There are abundant sources for amylolytic enzymes.
(3) The availability of genetically engineered microbes that can simultaneously hydrolyze starch and ferment it to ethanol.
(1) Starch annual production from green algae is significantly lower than floridean starch from red algae and laminarin from brown algae.
Floridean starch Advantages:
(1) The annual production levels of floridean starch from red macroalgae are hundreds of times more than starch from green micro-and macroalgae.
(2) The chemical structure is similar to starch, therefore can be degraded by the amylolytic enzymes, and fermented by microbial strains that ferment starch.
(1) There are only few scientific studies that investigated bioethanol production from floridean starch.
Glycogen Advantages:
(1) Can be easily extracted from cyanobacteria.
(2) Similar to starch, therefore can be degraded by the amylolytic enzymes, and fermented by microbial strains that ferment starch.
(1) Glycogen annual production is significantly lower than floridean starch and laminarin.
Laminarin, chrysolaminarin, and paramylon
(1) The annual production levels of laminarin-type polysaccharides are hundreds of times more than starch from green algae.
(2) The chemical structure is similar to fungal cell wall β-glucans, and thus lytic enzymes that hydrolyze fungal cell wall can be utilized to degrade laminarin-type polysaccharides.
(1) There are only few scientific studies that investigated bioethanol production from laminarin-type polysaccharides.
Mannitol Advantages:
(1) Soluble simple sugar that does not require hydrolysis process.
(2) Accumulate in brown algae in high concentrations.
(1) Must be converted into fructose-6-phosphate before fermentation.
Cellulose Advantages
(1) Abundant polysaccharide that is synthesized by most of algae and all plants.
(2) There are abundant sources for cellulolytic enzymes.
(1) Rigid polysaccharide that requires a pretreatment step before hydrolysis.
Agarose Advantages:
(1) High annual production from red algae.
(1) Low solubility and therefore requires pretreatment before enzymatic hydrolysis.
(2) The enzymatic hydrolysis of agarose produces a non-fermentable sugar, 3,6-anhydro-l-galactose, which must be converted into fermentable sugar using agar-degrading microorganisms.
Carrageenan Advantages:
Disadvantage:
(1) Carrageenolytic enzymes are not common among microbes.
(2) The enzymatic hydrolysis of carrageenan produces a non-fermentable sugar, 3,6-anhydro-d-galactose, which must be converted into fermentable sugar using carrageenan-degrading microorganisms.
Alginate Advantages:
(1) High annual production from brown algae.
(1) Fermentation of alginate requires genetically engineered strains. varies among algal groups. Cellulose is the major algal cell wall polysaccharide, and it is present in most algal groups. In addition to cellulose, algae incorporate significant amounts of other polysaccharides into their cell wall, which can be converted into ethanol. Such polysaccharides can be specific to an algal group, such as the red algae, which contain agarose and carrageenan; and the brown algae, which are rich in alginate (Vreeland and Kloareg, 2000; Murphy et al., 2013 contents can also be found within families and genera of the same group. For example, the cell wall of the green seaweeds Ulva and Enteromorpha sp. contains high amounts of ulvan, while fucoidan is found in the members of family Laminariaceae of the brown algae (Jiao et al., 2011; Ale and Meyer, 2013) . Cellulose is a homopolysaccharide made of a linear chain of d-glucose units, which are connected together by β-(1→4) glycosidic bonds ( Table 2) . Cellulose chains aggregate together by intra-and inter-molecular hydrogen bonds to form cellulose microfibrils. Microfibrils are packed together to form fibrils, which in turn aggregate to form cell wall fibers (Brown and Saxena, 2000; Pu et al., 2013) . With exception to diatoms, cellulose is found in the majority of algal cell walls.
Agarose is a non-sulfated, non-water-soluble linear galactan that is composed of repeating disaccharide units of d-galactose (d-Gal) and 3,6-anhydro-l-galactose (l-AnGal). The repeating disaccharide unit is called agarobiose or neoagarobiose depending on (1) the position of each sugar in the disaccharide, (2) the bond that links the monomers within the disaccharide, and (3) the bond that links the disaccharides to form agarose. Agarobiose consists of a d-Gal residue followed by l-AnGal that is linked by a β-(1→4) glycosidic bond. In contrast, neoagarobiose consists of α-(1→3)-linked l-AnGal and d-Gal residues. Agarobiose and neoagarobiose units are linked by α-(1→3) and β-(1→4), respectively ( Table 2) (Renn, 1997; Fu and Kim, 2010; Delattre et al., 2011) .
Carrageenan is a sulfated water-soluble linear galactan of carrabiose (or neocarrabiose) subunits ( Table 2 ). Carrabiose and neocarrabiose are similar in structure and linkage to agarobiose and neoagarobiose, respectively (De Ruiter and Rudolph, 1997; Renn, 1997; Delattre et al., 2011) .
In brown algae, alginate is one of the major cell wall sugars, besides cellulose, accounting for approximately 30-60% of the total sugars. The main function of alginate is to provide the cell wall with elasticity and rigidity to survive aquatic habitats (Dornish and Rauh, 2006) . Additionally, alginate is found in the matrix of some bacterial biofilms. Although its function in bacterial biofilms is not yet fully understood, alginate has been shown to play a role in bacterial pathogenesis and epiphytism (Halverson, 2009) . Alginate is a linear polysaccharide composed of α-l-guluronate (G) and β-d-mannuronate (M) subunits. The G and M subunits are linked via 1,4-glycosidic bonds and are arranged in the form of polyM, polyG, and polyMG blocks (Table 2) (Renn, 1997; Draget et al., 2005; Hashimoto et al., 2009) .
Ulvan is a water-soluble cell wall polysaccharide, which is found in green seaweeds, such as Ulva and Enteromorpha sp. (Jiao et al., 2011) . The dry weight percentage of Ulvan varies between 8 and 29% (Lahaye and Robic, 2007; Robic et al., 2008) . It is comprised of sulfated rhamnose, glucuronic acid, iduronic acid, xylose, and sulfated xylose. The ratio and linkage of ulvan constituent monosaccharides vary among species [refer to Lahaye and Robic (2007) (Jiao et al., 2011; Yanagisawa et al., 2013; Collén et al., 2014) .
Fucoidan is a cell wall polysaccharide that is found in the members of family Laminariaceae of brown algae. The dry weight percentage of fucoidan ranges normally from 5 to 20%. Fucoidan structure is heterogeneous and varies among algal species. Nevertheless, it displays a general backbone consisting of predominantly α-(1→2)-linked sulfated l-fucose units and, in smaller amounts, α-(1→3)-and α-(1→4)-1inked sulfated fucose units (Percival, 1979; Davis et al., 2003; Li et al., 2008; Ale and Meyer, 2013) .
eNZYMATiC CONveRSiON OF ALGAL SUGARS iNTO BiOeTHANOL
The process of bioethanol production from algal polysaccharides consists of three major steps: biomass pretreatment, enzymatic hydrolysis of algal polysaccharides, and fermentation of sugar monomers to ethanol. The pretreatment step disrupts algal cell and releases intracellular sugars. Additionally, the pretreatment step reduces algal cell wall crystallinity making its polysaccharides accessible for enzymatic hydrolysis. Algal biomass is pretreated by physical, chemical, or biological methods. This review will not cover the pretreatment step since it has been covered in detail by other reviews [refer to Harun et al. (2014) ].
Subsequently, algal biomass is degraded by lytic enzymes into simple sugars and uronic acid monomers. Hydrolysis of α-glucans (i.e., starch and floridean starch), β-glucans (i.e., laminarin, chrysolaminarin, and cellulose), and galactans (i.e., agarose and carrageenan) releases several fermentable sugars, which enter glycolysis and are fermented into ethanol. In contrast, industrial production of ethanol from alginate requires engineering of alginate degradation, uptake, and metabolic pathways (See Fermentation of Algal Simple Sugars and Uronic Acids to Bioethanol). Simple sugars, which are released during the conversion steps, are required for the organism's growth, while ethanol is produced as a byproduct of the fermentation process.
Conversion of Starch-Type Polysaccharides to Glucose

Conversion of Starch to Glucose
Starch enzymatic hydrolysis is complex and requires the activity of several enzymes, such as α-amylase, isoamylase, pullulanase, β-amylase, and glucoamylase. Isoamylases (E.C.3.2.1.68) and pullulanases (EC 3.2.1.41) debranch amylopectin into amylose via α-(1→6) glycosidic bond cleavage. The endo-acting α-amylases (EC 3.2.1.1) hydrolyze amylose and amylopectin α-(1→4) glycosidic bonds randomly, producing glucose, maltose (two glucose residues), and maltodextrins of 10-20 glucose units. The exo-acting β-amylases (EC 3.2.1.2) hydrolyze amylose from the non-reducing ends to produce predominantly maltose, which is cleaved into two glucose residues by glucoamylases (EC 3.2.1.3) (Figure 2A) [reviewed by Van Zyl et al. (2012) ].
At the industrial scale, the enzymatic hydrolysis of starch is carried out at elevated temperatures, and it is divided into three steps: starch gelatinization, liquefaction, and saccharification. Starch gelatinization and liquefaction involves breaking down starch granules into a gelatinized suspension at 105°C followed by converting the gelatinized starch into oligosaccharides at 95°C, respectively, using thermostable α-amylase. Saccharification is the conversion process of oligosaccharides to primarily glucose along with other disaccharides (i.e., maltose and isomaltose) at very low concentrations. During this process, glucoamylase and isoamylase are added to hydrolyze α-(1→4) as well as α-(1→6) glycosidic bonds at 65°C (Kearsley and Dziedzic, 1995; Kulp and Ponte, 2000; Ratnayake and Jackson, 2009 ). Hydrolysis of algal starch is similar to plant starch degradation steps and requires the same amylolytic enzymes [for reviews on microbial amylases, refer to Nielsen and Borchert (2000) , De Souza and de Oliveira Magalhães (2010) , Naidu (2013) , Polizeli et al. (2013) , and Saranraj and Stella (2013) ].
Conversion of Floridean to Glucose
Similar to starch, gelatinized floridean starch is easier to degrade than granules and requires the same procedure of starch degradation described above (Yu et al., 2002) .
Conversion of Glycogen to Glucose
Glycogen is similar in structure to amylopectin, and therefore the hydrolysis of glycogen requires the same amylolytic enzymes, which are used to breakdown starch. In fact, two reports found that only two enzymes, i.e., α-amylase and glucoamylase, are sufficient to partially hydrolyze glycogen and allow subsequent fermentation to ethanol. However, neither the synergistic effect of these isoamylases on glycogen hydrolysis nor the final products of hydrolysis were analyzed in these studies. Therefore, the amount of glycogen degradation achieved using a combination of only α-amylase and glucoamylase is unknown. The hydrolysis products are fermented to ethanol using budding yeast. Additionally, extraction of glycogen from cyanobacteria is simpler than algae as it only requires breaking down the cyanobacterial cell wall with lysozyme (Aikawa et al., 2013; Möllers et al., 2014) .
Conversion of Laminarin-Type Polysaccharides to Glucose
Hydrolysis of laminarin and chrysolaminarin is catalyzed by the action of four enzymes: endo-β-(1→6) glucanases (EC 3.2.1.75), endo-β-(1→3) glucanases (EC 3.2.1.39), exo-β-(1→3) glucanases (EC 3.2.1.58), and β-glucosidases (EC 3.2.1.21). Endo-β-(1→6) glucanases debranch laminarin at the β-(1→6) linkages. Exo-β-(1→3) glucanases and endo-β-(1→3) glucanases degrade linear laminarin into laminaritriose and laminaribiose. Subsequently, laminarin oligosaccharides are lysed into glucose by β-glucosidases ( Figure 2B) . Degradation of the M-chain type of laminarin (i.e., with mannitol attached to the reducing end) generates small quantities of a mannitol-containing β-d-glucan (Chesters and Bull, 1963; Martin et al., 2007; Michel et al., 2010) . Paramylon is another laminarin-like starch; however, it is a linear polysaccharide and lacks β-(1→6)-linked branches. Therefore, degradation of paramylon to glucose is simpler than laminarin and requires the same enzymatic arsenal, with the exception of the debranching endo-β-(1→6) glucanases (Takeda et al., 2015) .
Conversion of Mannitol to Fructose and/or Mannose
Mannitol is readily dissolved from algal biomass, and therefore conversion of mannitol to ethanol requires no pretreatment steps, which simplify bioethanol production process (Wang et al., 2013) . In order to be fermented, mannitol must be converted to fructose-6-phosphate (fructose-6-P). Mannitol metabolic pathways vary among organisms. For example, non-lactic-acid bacteria and homofermentative lactic-acid bacteria assimilate mannitol via phosphoenolpyruvate-dependent mannitol phosphotransferase system to mannitol-1-phosphate (mannitol-1-P), which is dehydrogenated to fructose-6-P by mannitol-1-phosphate dehydrogenase (M1PDH, EC 1.1.1.17). In fungi, algae, and heterofermentative lactic-acid bacteria, mannitol is dehydrogenated by mannitol 2-dehydrogenase [M2DH, EC 1.1.1.67 (NAD), and 1.1.1.138 (NADP)] to fructose, which is phosphorylated to fructose-6-P by hexokinase (EC 2.7.1.1). In plants, mannitol is converted by mannitol 1-dehydrogenase (M1DH, EC 1.1.1.255) to mannose, which is phosphorylated to mannose-6-phosphate (mannose-6-P) by hexokinase (EC 2.7.1.1). Mannose-6-P is then converted to fructose-6-P by mannose-6-P isomerase (EC 5.3.1.8) [see Figure 1 in Iwamoto and Shiraiwa (2005) ]. Finally, fructose-6-P is fermented to ethanol by ethanogenic microorganisms (See Fermentation of Algal Simple Sugars and Uronic Acids to Bioethanol).
Conversion of Cellulose to Glucose
Similar to plants, the commercial production of biofuel from algal cellulose remains a challenge since cellulose is embedded in a multilayered intricate rigid matrix of sugars and polymers, which protect cellulose from enzymatic degradation (Domozych et al., 2012) . However, the hydrolysis process of algal cell wall to ethanol remains simpler than lignocellulosic biomass because algal cell wall lacks (or contains low amounts of) lignin. Nevertheless, algal pretreatment is required to remove non-cellulosic cell wall matrix and reduce algal cellulose crystallinity making it accessible for enzymatic hydrolysis. Subsequently, cellulose is hydrolyzed by cellulolytic enzymes into glucose, which is fermented into ethanol.
Cellulose hydrolysis requires the action of several cellulolytic enzymes that cleave β-1,4-glycosidic linkages synergistically. These cellulases are endoglucanase, exoglucanase, and β-glucosidase. Endoglucanase (EC 3.2.1.4) cleaves randomly the internal β-1,4-glycosidic bonds. Exoglucanase (EC 3.2.1.91) hydrolyzes the β-1,4-glycosidic linkages of cellulose from the ends of the cellulose chain. Cellulose hydrolysis by endoglucanase and exoglucanase releases d-glucose dimer, β-cellobiose. Once β-cellobiose molecules are released, a third type of cellulases, i.e., β-glucosidase (EC 3.2.1.21) attacks β-cellobiose disaccharides and cleaves them into two glucose molecules ( Figure 2C ) (Pérez et al., 2002; Kuhad et al., 2011; Gupta et al., 2013) .
Hydrolysis of Agarose to Galactose
The enzymatic breakdown of agarose is carried out by α-agarases (EC 3.2.1.158) and β-agarases (EC 3.2.1.81), which hydrolyze agarose α-1,3 and β-1,4 linkages and produce agarobiose and neoagarobiose as final hydrolysis products, respectively ( Table 1) . Agarobiose and neoagarobiose are further hydrolyzed by β-agarobiose hydrolase (EC is not available) and α-neoagarobiose hydrolase (EC is not available), respectively, to produce d-galactose and anhydro-l-galactose (Figures 2D,E) (Fu and Kim, 2010; Chi et al., 2012) . With exception of α-agarases secreted by Alteromonas agaralytica and Thalassomonas sp. JAMB-A33, all characterized agarases exhibit β-agarolytic activities (Michel et al., 2006; Fu and Kim, 2010; Chi et al., 2012) .
However, enzymatic hydrolysis of agarose yields low concentrations of galactose due to low solubility of agarose (Yun et al., 2015) . To increase the yield, an agarose acid and heat pretreatment step (also known as chemical liquefaction) has been introduced preceding the enzymatic hydrolysis step. The chemical liquefaction process utilizes the fact that α-1,3 linkages are hydrolyzed by acid and heat pretreatment. Such chemical liquefaction process generates slightly large (degree of polymerization >12), water soluble agarooligosaccharides, which can be quickly degraded into neoagarobiose [see Figure 1 in Kim et al. (2012) ].
Conversion of Carrageenan to Galactose
The degradation of carrageenan is one of the least studied among the major cell wall carbohydrates in algae. Carrageenolytic enzymes are not common among microbes. Only few microbes have been reported to excrete carrageenases. The majority of these microbes are marine bacteria (Michel et al., 2006) .
Conversion of Alginate to Uronic Acid Monomers
The degradation of alginate into unsaturated alginate oligomers (degree of polymerization 2-4) is carried out by endo-alginate (1) hexokinase, (2) Glucose-6-P isomerase, (3) 6-phosphofructokinase, (4) fructose-biP aldolase, (5) glucose-6-P dehydrogenase (NADP + ), (6) 6-phosphogluconolactonase, (7) phosphogluconate dehydratase, (8) KDPG aldolase, (9) glyceraldehyde 3-P dehydrogenase (EC 1.2.1.12), (10) phosphoglycerate kinase (EC 2.7.2.3), (11) phosphoglycerate mutase (EC 5.4.2.11), (12) phosphopyruvate hydratase (enolase; EC 4.2.1.11), (13) pyruvate kinase (EC 2.7.1.40), (14) pyruvate decarboxylase, and (15) Hashimoto et al. (2009) and Wong et al. (2000) ]. In the next step, alginate oligomers are cleaved into unsaturated monosaccharides [4-deoxy-α-l-erythro-hex-4-enopyranuronate (DEHEP)] by exo-acting oligoalginate lyases (EC 4.2.2.26) . Subsequently, DEHEP is non-enzymatically rearranged into 4-deoxy-l-erythro-5-hexoseulose uronic acid (DEHU), which is reduced to 2-keto-3-deoxy-gluconate (KDG) by DEHU reductase (EC is not available) ( Figure 2F ) (Wargacki et al., 2012) .
Degradation of Ulvans and Fucoidan
The enzymatic hydrolysis of ulvan and fucoidan has been studied less intensively than other polysaccharides, due to several reasons. First, both sugars can be easily degraded into monomeric sugars by acid treatment (Davis et al., 2003; Feng et al., 2011) . Second, ulvan and fucoidan are species-specific and familyspecific cell wall polysaccharides, respectively, and therefore only few microbes display activities against ulvan (Lahaye et al., 1997; Delattre et al., 2005; Nyvall Collén et al., 2011; Jung et al., 2013) and fucoidan [cited by Silchenko et al. (2013) ].
FeRMeNTATiON OF ALGAL SiMPLe SUGARS AND URONiC ACiDS TO BiOeTHANOL
The hydrolysis of major algal polysaccharides releases several simple sugars, such as glucose, mannose, fructose, galactose, and uronic acids. These monomers are fermented to produce ethanol. Simple sugars are readily fermented to ethanol using microbial wild-type strains. In contrast, fermentation of uronic acid monomers requires genetically engineered microbes that can hydrolyze alginate to KDG and ferment it to ethanol.
Microbial Fermentation of Glucose, Galactose, Fructose, and Mannose to ethanol
The classical budding yeast Saccharomyces cerevisiae is the most commonly used microbe for fermenting sugars to bioethanol. Additionally, the Gram-negative rod-shaped bacterium Zymomonas mobilis is used for fermentation, but to a lesser extent than the budding yeast. Owing to their diversity, several metabolic pathways are required to convert algal sugars to ethanol. While glucose enters glycolysis directly, galactose must be converted to glucose 6-phosphate (glucose-6-P) via the Leloir pathway before entering glycolysis. Similarly, glucose isomers, such as mannose and fructose, are converted to fructose-6-phosphate (fructose-6-P), which is further metabolized through glycolysis. The conversion of fructose to fructose-6-P is simple and requires one enzyme (Hexokinase, EC 2.7.1.1). In contrast, mannose must be first phosphorylated by hexokinase (EC 2.7.1.1) to mannose-6-phosphate (mannose-6-P), then isomerized to fructose-6-P by mannose-6-P isomerase (EC 5.3.1.8) Once phosphorylated sugars enter glycolysis, they are metabolized to pyruvate. The major microbial glycolysis pathways are the Embden-Meyerhof-Parnas (EMP) and the Entner-Doudoroff (ED) pathway, depending on the microorganism [reviewed by Wolfe (2015) ]. While S. cerevisiae utilizes the EMP pathway for metabolizing glucose, ED pathway is the common pathway for glucose metabolism in Z. mobilis. The EMP and ED pathways are divided into two multistep stages. In the first stage, glucose is converted to glyceraldehyde-3-phosphate (glyceraldehyde-3-P), which is further metabolized to pyruvate in the second stage (Figures 3A,B) .
In the first stage of the EMP pathway, glucose is phosphorylated by hexokinase (EC 2.7.1.1) to glucose-6-P, which is transformed into its keto isomer fructose-6-P by glucose-6-P isomerase (EC 5.3.1.9). In the next step, the enzyme 6-phosphofructokinase (EC 2.7.1.11) phosphorylates fructose-6-P to fructose-1,6-biphosphate, which is converted to glyceraldehyde-3-P by fructose-bisphosphate aldolase (EC 4.1.2.13) (Figure 3 ) (Flamholz et al., 2013) . The first stage of the ED pathway begins with phosphorylation of glucose by hexokinase (EC 2.7.1.1) to glucose-6-P, which is oxidized to 6-phosphogluconolactone by glucose-6-P dehydrogenase (NADP + ) (EC 1.1.1.49). Once oxidized, 6-phosphogluconolactone is hydrolyzed by the enzyme 6-phosphogluconolactonase (EC 3.1.1.31) to 6-phosphogluconate, which is dehydrated to 2-keto-3-deoxy-6-phosphogluconate (KDPG) by a phosphogluconate dehydratase (EC 4.2.1.12). Finally, KDPG is converted to pyruvate and glyceraldehyde-3-P by KDPG aldolase (EC 4.1.2.14) ( Figure 3A ) (Flamholz et al., 2013; Spaans et al., 2015) .
In contrast to the first stage of EMP and ED pathways, the second stage of these two pathways is identical. During the second stage, glyceraldehyde-3-P is converted to pyruvate (summarized in Figure 3B ). Following glycolysis, pyruvate is converted to ethanol primarily by a two-step alcoholic fermentation ( Figure 3C ). In the first step, pyruvate is converted by pyruvate decarboxylase (EC 4.1.1.1) to acetaldehyde, which is reduced to ethanol by alcohol dehydrogenase (EC 1.1.1.1).
Microbial Fermentation of 3,6-Anhydro-Galactoses to ethanol
In addition to galactose, the enzymatic hydrolysis of agarose and carrageenan produces the non-fermentable sugars, 3,6-anhydrol-galactose (l-AnG) and 3,6-anhydro-d-galactose (d-AnG), respectively. To increase bioethanol yield from algal biomass, l-AnG and d-AnG must be converted into fermentable sugar. Metabolic pathways for l-AnG and d-AnG are only common in agar-and carrageenan-degrading microorganisms. In these organisms, l-AnG and d-AnG are converted to 2-keto-3-deoxy-6-phospho-d-galactonate (d-KDPGal) through six and four enzyme-catalyzed reactions, respectively [see Figure 5 in Lee et al. (2014 Lee et al. ( , 2016 ]. d-KDPGal enters the DeLey-Doudoroff pathway, where it is converted to the fermentable sugars glyceraldehyde-3-phosphate and pyruvate (Lee et al., 2014 (Lee et al., , 2016 . Glyceraldehyde-3-phosphate is then converted by glycolysis to pyruvate, which is metabolized to ethanol by alcoholic fermentation (Figures 3B,C) .
engineered Microbes to Metabolize Uronic Acid Monomers to ethanol
Several microorganisms, which can metabolize alginate, have been identified [reviewed by Wong et al. (2000) ]. In these microbes, the hydrolysis of alginate results in DEHU. To ferment it to ethanol, DEHU must be first reduced to KDG by DEHU reductase (EC is not available) (Wargacki et al., 2012) . Then, KDG is phosphorylated to KDPG, i.e., KDPG by KDG kinase (EC 2.7.1.45). Finally, KDPG enters the ED pathway, where it is cleaved by KDPG aldolase (EC 4.1.2.14) to pyruvate and glyceraldehyde-3-phosphate and fermented to ethanol [refer to Supplementary Figure 1 in Enquist-Newman et al. (2014) ].
However, the commercial production of ethanol from alginate is challenged by the lack of robust microorganisms that can simultaneously digest, metabolize, and ferment alginate to ethanol at the industrial level. While alginolytic microbes lack the robustness for the production of ethanol at large scale, major ethanologenic microbes, such as S. cerevisiae, Z. mobilis, and E. coli, cannot degrade and metabolize alginate. To overcome this challenge, strains that can simultaneously degrade, metabolize, and ferment alginate to ethanol were engineered. The molecular engineering of alginate and mannitol metabolic pathways in S. cerevisiae results in a strain that can simultaneously ferment up to 83% of brown algae theoretical total sugars (i.e., alginate, mannitol, and glucose) to ethanol. The strain, which expresses the DEHU transporter gene from the marine fungus Asteromyces cruciatus and alginate metabolism genes from bacterial origin, is capable of degrading alginate to uronic acid monomers. These monomers are then converted to ethanol (Enquist-Newman et al., 2014) .
Similarly, a plasmid-based E. coli strain, which is capable of simultaneous degradation and fermentation of alginate to ethanol, was engineered using alginate metabolic pathway genes from Vibrio splendidus. This strain, which can metabolize alginate, mannitol, and laminarin, fermented 80% of the maximum theoretical yield and produces 0.281 weight ethanol/weight dry macroalgae (Wargacki et al., 2012) . Ethanol productivity of this strain was further enhanced using recombinase-assisted genome engineering (RAGE). The resulting engineered strain, which integrates alginate metabolism genes into its genome, produced a 330% higher titer than the canonical plasmid-based E. coli counterpart after culturing both strains on synthetic seaweed medium for 50 generations (Santos et al., 2013) .
CONCLUSiON AND FUTURe DiReCTiONS
Algae accumulate high amount of carbohydrates, which can be used to produce bioethanol. However the hydrolysis process of algal polysaccharides requires more enzymatic mixtures than plants. Significant amount of research has been done to decipher the hydrolysis processes of different algal sugars and identify their corresponding hydrolytic enzymes. However, one of the major challenges -within the context of the enzymatic hydrolysis of algal polysaccharides -is to identify hydrolytic enzymes that can breakdown algal-specific sugars, such as agarose, carrageenan, ulvans, and fucoidan. This requires the identification of new marine microorganisms, which thrive growing on algae. Additionally, identification of their enzymatic systems via a combination of genomics, transcriptomics, and proteomics approaches will enable high-throughput protein analysis in these microbes. Furthermore, traditional breeding and genetic engineering can be implemented to generate microbial strains that can hydrolyze algal carbohydrates. Protein engineering is another powerful tool to generate enzymes with novel properties. A wider range of pH-, temperature-, and salinity-tolerance levels, as well as broader substrate activities and higher conversion rates are desirable properties for bioethanol production from algae. Owing to their diversity, the fermentation of algal monosaccharides requires several metabolic pathways. Therefore, engineered strains, which can ferment several monosaccharides to ethanol, will simplify the conversion processes. Indeed, the best situation is to generate microbial strains, which can simultaneously hydrolyze and ferment total algal sugars to ethanol.
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